Introduction

Japanese encephalitis (JE) virus is a member of the genus
Flavivirus of the family Flaviviridae. The genome of JE virus is one single-stranded, positive-sense RNA and contains one long open reading flame encoding three structural proteins at the 5' end-the capsid (C), membrane (M) and envelope (E) proteins-and the non-structural proteins in the 3' threequarters of the genome (Chambers et al., 1990) . The disease JE is characterized by febrile headache syndrome, aseptic meningitis and/or encephalitis (Gatus & Rose, 1983) . Clinically severe flavivirus infections usually progress in two phases, the first involving replication in the peripheral tissues and lymph nodes and the second involving replication and damage of vitally important organs such as the central nervous system for Author for correspondence: Alan D. T. Barrett.
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The GenBank accession number of the JE virus strain P3 nucleotide sequence is U47032. JE virus and the liver for yellow fever virus (Monath, I990) . The mouse has been shown to be a good animal model for studying pathogenicity of JE virus (Monath, 1990) . Considerable variation in neurovirulence, neuroinvasiveness and peripheral pathogenicity for mice among JE virus strains was first demonstrated many years ago (reviewed in Huang, 1982) . Mice less than 3 weeks old are highly susceptible to lethal infection by all routes of inoculation with JE virus (Huang, 1982) . The pathogenicity of different strains of JE virus isolated from human cases and from mosquitoes has been compared following intracerebral (i.c.) and subcutaneous (s.c.) routes of inoculation in 3-week-old mice. Although there was not much variation by the i.c. route of inoculation, there were great differences in the virulence, in terms of log10 p.f.u./LDs0, when virus was inoculated subcutaneously (Huang, 1982) . In particular, the Peking 3, or P3 strain, was reported to be a highly neurovirulent and neuroinvasive strain of JE virus for mice (Huang, 1982; Konishi et al., 1992a, b) .
Although great progress has been achieved in molecular biological studies of flaviviruses in recent years, the molecular 44~ basis of neurovirulence and neuroinvasiveness of JE virus is poorly understood. The aim of this study was to identify potential molecular determinants responsible for high neurovirulence and high neuroinvasiveness of wild-type JE virus P3 strain by analysing and comparing the pathogenicity of P3, JaOArS892 (hereafter termed $892) and SA14/USA viruses. Subsequently, overlapping RT-PCRs were used to clone the entire genomic RNA of P3 virus, and the cDNAs were cloned. The nucleotide and deduced amino acid sequences of P3 virus were then compared with the published genomic sequences of $892 (Sumiyoshi et al., 1987) and SA14/USA JE virus strains. The potential molecular determinants for high neurovirulence and high neuroinvasiveness of wild-type JE virus strain P3 are discussed.
Methods
• Viruses. Wild-type JE virus strains SA14/USA and $892 were obtained from Dennis Trent of the Division of Vector-Borne Infectious Diseases, Centers for Disease Control, Fort Collins, Col., USA. The passage history of SA14/USA has been reported previously while strain JaOArS892 is the same seed as used by Sumiyoshi et al. (I992) in their studies. P3 virus was provided by Bob Shope of Yale Arbovirus Research Unit, Yale University, NY, USA, and has received extensive passaging in mouse brain (see . Procedures for growing virus in C6-36 and Veto cells have been described previously .
• Mouse pathogenicity studies. Female outbred white mice, 3 to 4 weeks old were obtained from Harlan (Indianapolis, Ind., USA). Mice were divided into groups and maintained on standard laboratory feed and water ad libitum, and housed in a Biosafety level 3 containment facility throughout the study. The mice were inoculated with either 20 IA of virus diluted in PBS by the intracerebral (i.c.) route or 100 p.1 by the intraperitonea [ (i.p.) route. Virulence studies involved groups of eight mice per dose. Percentage mortality and average survival time -I-standard error of mean (AST+ SEM) were calculated following an observation period of 14 days. Growth curves of virus infectivity in mice were determined by sacrificing three mice each day post-infection. Brains and sera were collected for viral infectivity titration of infected mice. Each brain was homogenized in I ml PBS. The suspension was clarified by centrifugation, and the supernatants were frozen in aliquots at -70 °C prior to plaque titration in Vero cells.
• Sequencing and analysing the genomes of virus RNAs. P3 virus-infected Cb-36 RNA was amplified by RT-PCR, followed by cloning and sequencing as described previously . The primers used in this study were designed according to the genomic sequence of SA14/USA virus. Computer analyses of nucleic acid data and deduced amino acid sequences were accomplished using the MICROGENIE (Queen & Korn, 1984) and PCGENE programs.
Results
Virulence of wild-type JE virus strains P3, SA14/USA and $892 in mice
The virulence of three wild-type JE virus strains, P3, SA14/USA and $892, was compared in weanling mice (3-4 
Virus
Loglo p.f.u./LDso AST-I-SEM P3 1"7 7"4-t-0"3 SA14/USA > 6"3 Not applicable $892 6"2 9"2 q-0'3 weeks old) by inoculation of viruses by either the i.c. or i.p. route. All mice died within 10 days following i.c. inoculation with 10 p.f.u, of SA14/USA virus, or 0"1 p.f.u, of either P3 or $892 virus, although P3 virus killed mice much quicker (average survival time 4"3 -I-0"5 days) than $892 (average survival time 7"0-t-1"0 days). The log10 p.f.u./LDs0 of P3 and $892 viruses by the i.p. route was 1"7 and 6"2 respectively, while JE virus strain SA14/USA did not kill mice when inoculated by this route (i.e. ~> 106a p.f.u./LDs0 ). Average survival times of mice inoculated with $892 virus by the i.p. route were significantly longer than those of mice inoculated with P3 virus (9"2 _ 0"3 versus 7"4+0"3 days; Table 1 ).
Kinetics of virus replication in mice
Growth curves of virus measured by titrating infectivity in brains and sera of P3 and $892 viruses were very similar following i.c. inoculation (Fig. 1) . However, all mice inoculated with P3 virus by the i.c. route died by day 6 post infection. Following inoculation by the i.p. route, P3 virus multiplied faster and reached higher infectivity titres than $892 virus (Fig.  2 ). Infectious P3 virus was detected in the brain by day 3 postinfection and was maintained at higher titre for several days. Following inoculation of the same dose of $892 virus, the virus infectivity was detected in brain only at day 5 post-infection and at a lower titre than with P3 virus (Fig. 2) . Increasing the concentration of $892 virus 10-fold more than that of P3 virus for i.p. inoculation did not significantly alter the growth kinetics of $892 virus except that virus was detected in the brain on day 3 post-infection (data not shown). The peak viraemia was higher and took place earlier post-infection for P3 virus compared to $892 virus following i.p. inoculation (Fig. 2) .
Cloning and sequencing of P3 virus
The entire RNA genome (10 976 nucleotides) of P3 virus was amplified by RT-PCR, then cloned and sequenced. The genomic sequence of P3 virus was compared with published sequences of SA14/USA and $892 strains (Sumiyoshi et al., 1987) . It is assumed that the published genomic sequences represent the viruses used in the mouse pathogenicity studies described here as SA14/USA and $892 viruses used in this study were samples of the same viruses used to prepare eDNA for sequencing of both viruses. A summary of the nucleotide and amino acid differences between P3, SAI4/USA and $892 viruses throughout the entire genome is shown in Table 2 . P3 virus differed from SA14/USA and $892 viruses by 21 (0"61%) and 33 (0"96%) amino acids, and I39 (1"27%) and 154 (1"4%) nucleotides, respectively (Tables 2 and 3 ).
Nucleotide sequences of 5' and 3' non-coding regions
The 5' non-coding regions of the three viruses were identical in nucleotide sequence, which indicates that this region of the genome does not apparently contribute to the (1995) , and that of $892 virus from Sumiyoshi et aI. (1987) ; the sequence of P3 is reported in this paper. iiiiiiiiiiiiiiiiiiiiiiiiii ii ii ii iii iii iiiii iiiiiiiii!i .
Nucleotide position
nucleotides at position 10447 and 10824 were located in the JE virus repeat region. $892 virus had five unique nucleotides at positions 10405, 10505, 10642, 10652 and 10784 (Table 3) .
Comparison of deduced amino acid sequences
Overall, identities of non-structural proteins (99"4-99"5 %) were higher than those of the structural proteins (98" 1-99"6 %) (data not shown). There was a total of 21 amino acid differences between strains P3 and SA14/USA. The majority of these (12 of 21) were in structural protein genes (C-49, C-119, prM-2, E-46, E-76, E-129, E-209, E-227, E-306, E-352, E-388 and E-408) (Table 4) , of which three (C-119, E-209 and E-227) were shared with other wild-type JE viruses . Only four of the nine amino acid differences in the non-structural protein genes between SA14/USA, P3 and $892 viruses were unique to strain P3 at positions NS2B-56 (Gln*--~Arg), NS5-386 (Tyr ~ His), NS5-452 (Arg ~ Cys) and NS5-706 (Leu ~ His) (Table 4) . Amino acid NS2B-56 is located in the essential 40 amino acid central region of NS2B that contributes to the function of the serine proteinase activity of NS3 (Falgout et al., 1993 ; Jan et al., 1995) . NS2B-56 is Arg or Lys in all mosquitoborne flaviviruses sequenced to date (Fig. 3) except JE virus P3 that has glutamine at this residue. NS5-386 of P3 virus is the same as two vaccine viruses, SA14-14-2/PHK and SA14-14-2/PDK . The amino acids at positions NS5-386 and NS5-706 were variable when several flaviviruses were compared (data not shown). However, the amino acid at position NS5-452 is very conserved. All flaviviruses examined to date have Cys at this position except P3 virus, which has an Arg (Fig. 4) .
Discussion
The results obtained from mouse pathogenicity studies confirmed previous studies (Huang, 1982) showing that P3 virus is significantly more neurovirulent and neuroinvasive than strains SA14/USA and $892. The phenotypic differences between highly neuroinvasive P3 virus and poorly neuroinvasive $892 virus were clear and striking. Growth curves of virus infectivity in sera and brain confirmed the above. Specifically, P3 virus replicated faster and had higher Viraernia in early days post-infection compared with $892 virus (Fig. 2) . Following i.p. inoculation, multiplication of P3 virus was 1000-to 10000-fold greater than $892 virus which is presumably responsible for the lethality of P3 virus versus $892 virus.
Although the neurovirulence and neuroinvasiveness of P3 45;
LGT ( virus were much greater than those of SA14/USA and $892 viruses, the genomic similarity between these viruses was more than 97"8% at the nudeotide level and 99% at the amino acid level. Comparison of genomic sequences of P3 virus with the published sequences of strains $892 and SA14/USA revealed that there was a limited number of amino acid differences; the structural protein genes of P3 virus were more divergent than non-structural protein genes. Furthermore, of 16 unique amino acid differences in P3 virus, nine were in the E protein gene. Only two (E-209 and E-227) of these amino acids were shared with other wild-type JE virus strains . The unique amino acid difference at position E-306 (Glu ~-* Gly) may be of particular importance to increased neuroinvasiveness. An amino acid mutation at amino acid E-303 (Lys ~ Gln) of yellow fever vaccine revertant P-16065 (equivalent to E-307 for JE virus) has been implicated in increased mouse neuroinvasiveness (Jennings et al., 1994) and has been confirmed by recombinant chimeric viruses (E. Wang & A. D. T. Barrett, unpublished). It has also been reported that an epitope containing amino acid E-308 (equivalent to E-305 for JE virus) played a significant role in determining the mouse pathogenic characteristics of louping ill virus (Jiang et aL, 1993; Gao et al., 1994) . The amino acids between E-300 and E-390 belong to domain III of the E protein (Rey et al., 1995) which is proposed to be involved in tissue tropism and virus-host cell interactions (Holzmann et al., 1990; Lobigs et al., 1990) . This may also suggest a role for E-388 (Gly*-~ Glu) in the virulence of strain P3. There were no unique amino acid differences between JE virus strains P3, SA14/USA and $892 in the M, NS1, NS2A, NS3, NS4A and NS4B protein genes, which suggests that these proteins are probably not directly involved in the higher neuroinvasiveness of P3 virus. Also, the 5' non-coding region was identical in the three viruses suggesting that it does not contribute to the virulence of JE virus.
Three unique amino acids at positions NS5-386, NS5-452 and NS5-706 in P3 virus are in the RNA polymerase domain of NS5 protein. However, they are not in the highly conserved
RSSE (440AA) LGT ( Unique amino acid found in wild-type ]E virus P3 strain, Banzi virus sequence was taken from Fulop et el. (1995) .
region of all flaviviruses (residues 531--675 in ]E virus) which is believed to play a role in RNA-dependent RNA synthesis of several positive-stranded RNA viruses (Rice et al., 1986; Kamer & Argos, 1984) . Nevertheless, NS5-452 is conserved among all flaviviruses that have been sequenced (Fig. 4) . Thus, the Arg for Cys substitution may be significant. It is most likely that the higher neurovirulence and neuroinvasiveness of strain P3 is due to a combination of genetic determinants. We cannot exclude the possibility that a combination of P3 unique amino acids together with others shared with $892 and/or SAI4/USA viruses contribute to neurovirulence and/or neuroinvasiveness. However, the 5' non-coding region and six genes (M, NS1, NS2A, NS3, NS4A and NS4B) appear to make no significant contribution to the high neuroinvasiveness and neurovirulence of strain P3.
